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Photosensitive epilepsy is associated with
reduced inhibition of alpha rhythm
generating networks
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Photosensitivity is a condition in which lights induce epileptiform activities. This abnormal electroencephalographic response has
been associated with hyperexcitability of the visuo-motor system. Here, we evaluate if intrinsic dysfunction of this network is
present in brain activity at rest, independently of any stimulus and of any paroxysmal electroencephalographic activity. To address
this issue, we investigated the haemodynamic correlates of the spontaneous alpha rhythm, which is considered the hallmark of the
brain resting state, in photosensitive patients and in people without photosensitivity. Second, we evaluated the whole-brain func-
tional connectivity of the visual thalamic nuclei in the various populations of subjects under investigation. Forty-four patients with
epilepsy and 16 healthy control subjects underwent an electroencephalography-correlated functional magnetic resonance imaging
study, during an eyes-closed condition. The following patient groups were included: (i) genetic generalized epilepsy with photo-
sensitivity, 16 subjects (mean age 25 & 10 years); (ii) genetic generalized epilepsy without photosensitivity, 13 patients (mean age
25 + 11 years); (iii) focal epilepsy, 15 patients (mean age 25 & 9 years). For each subject, the posterior alpha power variations
were convolved with the standard haemodynamic response function and used as a regressor. Within- and between-groups second
level analyses were performed. Whole brain functional connectivity was evaluated for two thalamic regions of interest, based on
the haemodynamic findings, which included the posterior thalamus (pulvinar) and the medio-dorsal thalamic nuclei. Genetic
generalized epilepsy with photosensitivity demonstrated significantly greater mean alpha-power with respect to controls and
other epilepsy groups. In photosensitive epilepsy, alpha-related blood oxygen level-dependent signal changes demonstrated lower
decreases relative to all other groups in the occipital, sensory-motor, anterior cingulate and supplementary motor cortices.
Coherently, the same brain regions demonstrated abnormal connectivity with the visual thalamus only in epilepsy patients with
photosensitivity. As predicted, our findings indicate that the cortical-subcortical network generating the alpha oscillation at rest is
different in people with epilepsy and visual sensitivity. This difference consists of a decreased alpha-related inhibition of the visual
cortex and sensory-motor networks at rest. These findings represent the substrate of the clinical manifestations (i.e. myoclonus) of
the photoparoxysmal response. Moreover, our results provide the first evidence of the existence of a functional link between the
circuits that trigger the visual sensitivity phenomenon and those that generate the posterior alpha rhythm.
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Introduction

Photosensitivity refers to a condition in which epileptiform
activity is induced by flickering lights, such as flashing
lights on television or as produced by video games on com-
puter screens. As an EEG trait, it is characterized by the
occurrence of a photoparoxysmal response during intermit-
tent photic stimulation (Kasteleijn-Nolst Trenité et al.,
2001) and it is reported in about 10% of patients with
epilepsy compared with <0.5% in otherwise healthy indi-
viduals (Gregory et al., 1993). Photosensitivity is the dis-
tinctive hallmark of photosensitive occipital lobe epilepsy,
which is a focal reflex epilepsy syndrome (Guerrini et al.,
1995), and Jeavons syndrome (Jeavons, 1977), which is
characterized by eyelid myoclonia, with or without im-
paired consciousness, on eye closure. Visual sensitivity is
also frequently reported as a reflex trait in patients with
genetic generalized epilepsies (GGE, formerly known as
idiopathic generalized epilepsies), particularly juvenile myo-
clonic epilepsy, for which the incidence of photosensitivity
ranges from 30% (Wolf and Goosses, 1986) to 90%
(Appleton et al., 2000) of patients. The high heritability
of photosensitivity is widely recognized. Recent evidence
points to CHD2 as a novel gene implicated in photosensi-
tive epilepsy, with patients exhibiting a higher prevalence of
unique CHD?2 variants than a control cohort representative
of the general population (Galizia et al., 2015).
Precipitation of seizures in photosensitive patients inevit-
ably depends on the activation of a critical neuronal popu-
lation in the occipital cortex (Wilkins er al., 2004). The
distinguishing feature of photosensitive individuals seems
to lie in intrinsic hyperexcitability of the visual cortex,
which can predispose to large-scale neuronal synchroniza-
tion. Studies of visual evoked potentials and transcranial
magnetic stimulation in patients with photosensitive GGE
(Strigaro et al., 2012, 2015; Brigo et al., 2013) identified an
abnormal excitability profile of the visual cortex, which
co-existed with defective contrast gain control mechanisms
(Porciatti et al., 2000). However, although hyperexcitability of
the visual cortex explains some ictal and EEG findings, it does
not entirely elucidate the range of photosensitivity—associated

EEG and clinical correlates. Indeed, photoparoxysmal

responses are often generalized, and photic stimulation ultim-
ately can elicit seizures with motor components, which are a
particularly frequent reflex trait in patients with GGE.

Previous EEG-correlated functional MRI (EEG-fMRI)
studies have detected photoparoxysmal-related activation
in parietal and premotor cortices (Moeller et al., 2009;
Bartolini et al., 2014). We recently elucidated the blood
oxygen level-dependent (BOLD) response to eye-closure in
patients with Jeavons Syndrome, discovering the involve-
ment of substantially the same brain circuits (Vaudano
et al., 2014). Interestingly, both the study of Vaudano
et al. (2014), and the study of Moeller et al. (2009), reveals
the presence of an abnormal increase of BOLD signal
before the appearance of spike and wave discharges, thus
underscoring the possibility that signal changes might be
linked to intrinsic dysfunction of this network.

Taken together, current data indicate that photosensitiv-
ity is the expression of an alteration of the visual system,
not only limited to the occipital cortex, but expressed as an
extended and functional system. For this reason, we believe
that a fundamental question, still substantially not investi-
gated, concerns the neural correlates of the alpha rhythm in
photosensitive patients. The alpha rhythm, first described
by Berger (1929), represents the posterior rhythm of the
brain. Historically, alpha oscillations have been considered
an idling rhythm, indicating inactivity of brain regions
(Pfurtscheller et al., 1996). More recently, this view has
changed, towards a functional role of alpha oscillation in
inhibiting neural regions not relevant to the task-related
context (Klimesch et al., 2007; Mazaheri and Jensen,
2010). Therefore, alpha oscillations in the primary visual
areas may represent a mechanism to modulate incoming
information. This ‘gating function’ theory, along with the
classical alpha desynchronization, predicts greater alpha ac-
tivity (i.e. greater alpha power) in inhibited cortical areas
and lower alpha activity (i.e. lower alpha power) in areas
engaged in information processing (Volkmann, 1986;
Toscani et al., 2010).

Recently, concurrently recorded EEG-fMRI has been
used to search the entire brain for metabolic and/or haemo-
dynamic correlates of the posterior alpha rhythm (Goldman
et al., 2002; Laufs et al., 2003, 2006; Moosmann et al.,
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2003; Feige et al., 2005; de Munck et al., 2007; Tyvaert
et al., 2008; Sadaghiani et al., 2010). The cortical correl-
ation between the posterior alpha modulation and the
BOLD signal was negative in every study: the higher the
power of the alpha rhythm, the lower was the BOLD
signal. The inverse alpha—-BOLD signal correlation is evi-
dent and maximal over the posterior visual areas, but ex-
tends to parietal and prefrontal cortical regions in the
majority of studies.

Based on this knowledge, we tested the hypothesis that
the haemodynamic correlates of the alpha rhythm in photo-
sensitive patients are different with respect to normal sub-
jects and people with epilepsy without photosensitivity. We
used EEG-fMRI to find out if the fluctuations in the alpha
rhythm correlate with changes in the BOLD signal in cor-
tical and subcortical regions. Specifically, we predicted that
alpha-related BOLD signal decreases in the visual system
(and beyond, as demonstrated in previous studies) are
reduced in photosensitive patients. Then, we evaluated the
whole-brain functional connectivity of the visual thalamus
(pulvinar), a region implicated in the genesis of the alpha
rhythm in animals and humans (Moruzzi and Magoun,
1949; Lopes da Silva et al., 1973, 1980; Chatila et al.,
1993; Hughes and Crunelli, 2005; Liu et al., 2012).

Materials and methods

Study populations and settings

We retrospectively reviewed the entire cohort of patients with
epilepsy who underwent an EEG-fMRI study for different pur-
poses, between September 2008 and September 2015, in our
Department (total of 260 patients). For the purpose of this
study, only patients who had a good quality, 10 min resting
state functional MRI recording with eyes-closed and that ful-
filled the following inclusion criteria, were considered: (i) older
than 16 years of age; (ii) normal structural brain MRI on
conventional diagnostic protocol at 3 Tesla; and (iii) absence
of sleep EEG figures and absence of interictal events during
scanning, or with fewer than 2 spikes/min. Patients with epi-
leptic encephalopathy were excluded from this study.

We therefore focused on a pool of 44 patients affected by
the following epileptic syndromes (according to the definitions
of the Commission on Classification and Terminology of the
International League Against Epilepsy) (Berg et al., 2010).

Genetic generalized epilepsies with photosensitivity
This group of patients (GGE PS+) consisted of 16 subjects
(mean age 25 £ 10 years), 11 female and five males. For all
these patients, a 32-channel EEG recording was available
within the 3 months before the functional MRI study with
an intermittent photic stimulation protocol according to inter-
national guidelines (Kasteleijn-Nolst Trenite ef al., 1999).
Photosensitivity was diagnosed if subjects had a photoparox-
ysmal response to intermittent photic stimulation (Kasteleijn-
Nolst Trenité et al., 2001). In all patients, the photoparoxys-
mal response consisted of generalized spike and wave
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discharges (type III and IV photoparoxysmal response, Waltz
et al., 1992).

Patients had either juvenile myoclonic epilepsy or Jeavons
syndrome (eyelid myoclonia with absences, EMA) (Jeavons,
1977). The specific inclusion criteria for diagnosis of EMA,
beyond the presence of photosensitivity, were the following:
(i) age of onset between 2 and 14 years; (ii) eyelid myoclonus
with or without absences; (iii) related generalized paroxysmal
activity; and (iv) eye-closure-induced seizures, EEG paroxysms
or both (within 0.5-4 s after eye-closure) (Appleton et al.,
1993; Giannakodimos and Panayiotopoulus, 1996; Striano
et al., 2002). At the time of the study, self-induction was not
reported by any patient. All patients had a photoparoxysmal
response with eyelid flickering.

Genetic generalized epilepsies without
photosensitivity

This group of patients consisted of 13 subjects (mean age
25 + 11 years), nine female and four males. Patients had syn-
dromic diagnoses of juvenile absence epilepsy or GGE with
tonic-clonic seizures only and are termed GGE PS—.

Focal non-lesional epilepsy group

This group of patients consisted of 15 subjects (mean age
25 + 9 years), 10 female and five males. These patients were
affected by cryptogenic focal epilepsy (normal structural MRI).
All had clear focal interictal discharges and seizures with or
without impairment of consciousness.

None of the patients belonging either to GGE PS— and focal
epilepsy groups ever showed photoparoxysmal response to
photic stimulation or abnormal sensitivity on eye-closure in
previous EEG recordings.

Table 1 reports the demographic and electroclinical variables
of the three epilepsy groups. Per protocol, all patients were
administered a general intelligence evaluation within 1 to 6
months prior to functional MRI recordings [Wechsler Adult
Intelligence Scale — Fourth Edition (WAIS-IV)]. Full-scale 1Q
was within the normal range in all recruited subjects.

Sixteen healthy volunteers (controls) (10 female and six male
subjects, mean age 25 £ 5 years), with no history of neurologic
or psychiatric disorders, participated in the study.

The four study groups (the three epilepsy groups and the
control group) had the same age and gender distribution.
Neither patients nor controls had been taking neuroactive
drugs (alcohol and caffeine included) for 72h prior to the
study, except for the patients’ antiepileptic treatment.
Valproic acid (VPA) is a drug that in previous studies has
been demonstrated to lower brain rhythm power (Larsson
et al., 2005, 2012; Clemens et al., 2007). VPA was taken by
9/16 GGE PS+ patients, by 8/13 GGE PS— patients and by
4/15 focal epilepsy patients. The mean VPA dose in each group
was 750 + 200 mg/day (GGE PS+), 800 + 300 mg/day (GGE
PS—), and 800 + 200 mg/day (focal epilepsy), with no signifi-
cant difference between groups (one-way ANOVA, P > 0.1).

Subjects’ neurological and ophthalmologic examinations
were normal. All subjects were right-handed based on the
Edinburgh Handedness Inventory.

The human ethics committee of the University of Modena
and Reggio Emilia approved this study. Written informed con-
sent was obtained from all subjects or their parents if
underage.
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Table | Demographic and electroclinical variables of selected patients

Electroclinical details IEDs during functional MRI
Patient ID Age Sex ILAE syndrome IEDs type AEDs IEDs, n Mean length (s)
GGE PS+
| 17 M EMA GSW VPA 0
2 29 F EMA GSW LEV; VPA | 343
3 56 F EMA GSW VPA 0 0
4 35 F EMA GSW LTG; CLB 0 0
5 30 F EMA GSW VPA 0 0
6 26 F EMA GSW LEV; VPA 2 3.72
7 20 F EMA GSW VPA, LTG 0 0
8 21 F EMA GSW LEV 0 0
9 20 M EMA GSW VPA 2 3.78
10 17 M EMA GSW PB; ZNS; ETS 0 0
I 17 F EMA GSW LEV | 2.05
12 20 F EMA GSW ETS; VPA 2 2.23
13 35 F JME GSW VPA 2 1.45
14 19 F JME GSW LEV 0 0
15 28 M JME GSW PB; TPM 0 0
16 18 M JME GSW LEV 2 2.57
GGE PS—
| 33 F JAE GSW - 2 3.17
2 17 F JAE GSW LEV 0 0
3 53 M JAE GSW LEV; VPA 0 0
4 20 M JAE GSW VPA 3 091
5 21 F JAE GSW VPA 0 0
6 24 F JAE GSW LEV; CLB 0 0
7 18 F JAE GSW VPA 0 0
8 17 M JAE GSW VPA 0 0
9 18 F JAE GSW VPA 0 0
10 28 M JAE GSW VPA; LEV | 3.99
I 41 F GGE with TC GSW PB | 1.46
12 16 F JAE GSW LEV 0 0
13 24 F GGE with TC GSW VPA; TPM 0 0
Focal epilepsy
| 19 F FE R Fr-T S LEV; OXC 0 0
2 30 F FE R P SW CBZ 0 0
3 30 F FE LTS LTG; CBZ; LEV 0 0
4 50 F FE LT SW OXC; LEV 7 <
5 23 F FE RTS LCM; VPA 0 0
6 33 F FE R Fr-T SW CBZ; VPA 0 0
7 17 F FE L C-T SW - 5 <
8 16 F FE L Fr-T Shw LEV; PB; CBZ 0 0
9 23 M FE R Fr SW VPA 6 <l
10 18 M FE RT SW CBZ; VPA 0 0
I 19 F FE L F-T S OXC 0 0
12 19 M FE B CTS - L4R5 <l
13 32 M FE LT S LEV; TGB; LCM 0 0
14 35 F FE RT SW OXC 0 0
15 22 M FE LT SW OXG; LEV 0 0

AEDs = antiepileptic drugs; B = bilateral; C = central; CBZ = carbamazepine; CLB = clobazam; ETS = etosuccimide; F = female; Fr = frontal; FE = focal epilepsy; GGE with
TC = genetic generalized epilepsies with tonic-clonic seizures only; GSW = generalized spike and wave; IEDs = interictal epileptic discharges; JAE = juvenile absence epilepsy;
JME = juvenile myoclonic epilepsy; L = left; LCM = lacosamide; LEV = levetiracetam; LTG = lamotrigine; M = male; O = occipital; OXC = oxcarbamazepine; P = parietal;

PB = phenobarbital; R = right; S = spike; ShW = sharp wave; SW = spike and wave; T = temporal; TGB = tiagabine; TPM = topiramate; VPA = valproate; ZNS = zonisamide.
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EEG recordings

Scalp EEG was recorded by means of a 32-channel MRI-com-
patible EEG recording system (Micromed). Electrodes were
placed according to conventional 10-20 locations. FCz was
the reference. ECG was recorded from two chest electrodes.
Electrode impedance was kept below 10 kQ. Prior to in-
magnet EEG recording, 10 min of out-of-magnet EEG data
were collected in a room adjacent to the scanner. Foam pads
were used to help secure the EEG leads, minimize motion, and
improve patient comfort. Data were transmitted via a fibre
optic cable from the high-input impedance amplifier (5kHz
sampling rate) to a computer located outside the scanner
room. To avoid saturation, the EEG amplifier had a resolution
of 22 bits with a range of +£25.6mV. An anti-aliasing hard-
ware band-pass filter was applied with a bandwidth between
0.15-269.5Hz.

Subjects’ behaviour was constantly observed and recorded
by means of a small camcorder positioned on the head coil
inside the scanner pointing to the patient’s face to obtain split-
screen video-EEG documentation during the functional MRI
recording (Ruggieri et al., 2015).

The subjects were asked to rest with eyes closed, to not
sleep, and to keep still during functional MRI acquisitions.
All recordings were performed in the early afternoon in a
dimly-illuminated room with a constant luminance (~25 Ix).
Sedation was never used.

Functional MRI acquisition

Functional data were acquired using a Philips Intera system at
3 T and a gradient-echo echo-planar sequence from 30 axial
contiguous slices (repetition time = 3000 ms; in-plane ma-
trix = 64 x 64; voxel size: 4 x 4 x 4mm) over one 10-min ses-
sion per patient (200 images). A high-resolution T;-weighted
anatomical image was acquired for each patient to allow ana-
tomical localization. The volume consisted of 170 sagittal
slices (repetition time = 9.9 ms; echo time =4.6ms; in plane
matrix = 256 x 256; voxel size=1 x 1 x 1 mm).

EEG artefact correction and
processing

The correction of the gradient artefact was performed offline
by means of the Brain Quick System Plus software (Micromed,
Mogliano Veneto, Italy) (Allen et al., 2000). The EEG data
were then exported in the .edf format and reviewed and ana-
lysed by means of the BrainVision Analyzer 2.0 software
(Brain Products, Munich, Germany). After downsampling to
250Hz, a band-pass filter between 1 and 70 Hz was applied
to the continuous recording and channels showing high imped-
ance or electrode displacement artefacts were interpolated
through a cubic spline. Pulse-related artefacts were removed
offline from the EEG trace recorded during scanning using
the EEG processing package of Brain Analyzer (Allen et al.,
1998).

The preprocessed EEG data were then submitted to an in-
dependent component analysis (ICA) as previously described
(Avanzini et al., 2014; Ruggieri et al., 2015).
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For each participant, the 30 EEG channels signal was
decomposed into 30 components (between FO to F29). Each
component resulting from ICA separation is characterized by a
time course, describing the morphology of the component over
time, and by a specific topography (i.e. an array containing the
weights the specific component has in each channel). In patient
populations, two expert epileptologists (A.E.V., A.R.) reviewed
both the standard EEG recordings and the relative individual
components of the ICA-processed recordings to detect interic-
tal epileptic discharges. The independent components that on
visual inspection showed interictal epileptic discharges were
marked as epi-IC and discarded from subsequent alpha fre-
quency and power estimations. Moreover, to avoid interaction
of interictal events or remaining small motion artefacts with
the alpha power variation analysis, we replaced the EEG
during these events with a signal obtained by interpolating
the EEG before and after the event, as previously applied
(Tyvaert et al., 2008). For each subject, no more than 5% of
the EEG was subjected to interpolation.

Estimation of the alpha power and
validation

Supplementary Fig. 1 illustrates the main steps of individual
alpha band calculation. The independent components that on
visual inspection showed rhythmic activity in the 8-12Hz
band were marked as alpha-related IC («IC). For all oIC in
each subject, the artefact-free time course was divided into 3-s
epochs (equal to repetition time) using a Hanning time
window (epochs were overlapped by 50%) and submitted to
fast Fourier transform (FFT). The relative power was com-
puted between 7.5 and 12.5Hz with a frequency resolution
equal to 0.1 Hz. The FFT revealed a number of «IC ranging
from a minimum of two to a maximum of 20 components for
each subject. Then, one posterior alpha component originating
from the primary visual cortex was selected based on the fol-
lowing criteria: (i) a peak in the alpha range as revealed by
FFT; and (ii) a medial-posterior topography of the mixing
weights, which expresses the relative strength at which each
component time course is expressed at each electrode. This
component is reliably observed when ICA is applied to EEG
data (Makeig et al., 2004a, b). Next, for each subject the mean
individual alpha frequency (Hz) and its respective power (1V?/
Hz) were calculated for the selected component. Finally, after
the ICA component selections, the spectral power of the alpha
component of the given subject was integrated across each
epoch and used as an ‘alpha’ regressor for the same subject’s
functional MRI time series. The resulted regressor quantifies
the alpha-band power of the medial-posterior alpha compo-
nent within each scan interval. The procedure applied to
obtain the alpha-regressor is therefore dependent on the ICA
methodology.

To ensure the validity of the EEG data and analysis obtained
during the functional image acquisition, the same EEG pre-
processing and analysis was performed for the 10 min of rest-
ing state acquired prior to the functional MRI protocol in each
subject. Next, we compared the mean alpha frequency and the
mean alpha power of the EEG outside the scanner with those
obtained during the scan time.
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Functional MRI analysis

Alpha-BOLD correlation

Matlab 7.1 and SPM8 (Wellcome Department of Imaging
Neuroscience, London, UK) software were used for functional
MRI data analysis. All functional volumes were slice-time cor-
rected, realigned to the first volume acquired, spatially normal-
ized into standard space and smoothed with an 8 x 8 x 8 mm
full-width at half-maximum Gaussian kernel.

For first-level analysis, the alpha power variations were con-
volved with the standard haemodynamic response function,
downsampled to the MRI frequency and used as a regressor
in a single general linear model. Movement artefacts identified
by analysis of video-EEG recordings (blinking, lip smacking,
swallowing, head movements) were considered as confounds in
the model (Ruggieri et al., 2015). In addition, 24 realignment
parameters [six scan realignments parameters from image pre-
processing and a Volterra expansion of these (Friston, et al.,
1996)] were included in the model as confounds. A t-contrast
was specified, testing for the column ‘alpha regressor’.

For second-level group analysis, the statistical images result-
ing from single-subject contrasts were submitted to a second
level (group) random-effect analysis to look for effect on the
BOLD signal at the population level. A full factorial design, as
implemented in SPMS8, was used to test for between groups
effects (one-way ANOVA; four groups): GGE PS +; GGE PS—;
focal epilepsy; and healthy controls. Subject age and sex were
included in the model as covariates.

The statistical inferences for first- and second-level analyses
were set to the threshold of P < 0.05, corrected for family-wise
errors (FWE), in order to show significant BOLD changes at
the whole-brain level. If there were no clusters surviving at this
level, the threshold was changed to P < 0.05 corrected for
false discovery rate (FDR). Controlling the FDR with the cri-
terion FDR = 0.05 increases the number of false positives rela-
tive to FWE techniques, but also increases the ability to detect
meaningful signals (Genovese et al., 2002; Nichols and
Hayasaka, 2003; Bennett et al., 2009).

The second-level alpha-related functional MRI data and the
groups’ comparisons were further analysed by means of non-
parametric permutation method for multiple-comparisons
correction (AFNI_16.1.01, 3dClustSim function, version-
February = 2016;  http://afni.nimh.nih.gov/pub/dist/doc/pro
gram_help/3dClustSim.html) to achieve a family-wise error
rate (FWER) at P=0.05 at the cluster level (Cox et al.,
2016). The non-parametric analysis was performed to properly
control the rate of false positive BOLD changes. Recent evi-
dences, indeed, reported a high risk of an inflated false positive
rate in functional MRI group analyses using parametric meth-
ods with common functional MRI software tools (i.e. SPM,
FSL), even when applying a conservative FWE statistical
threshold control (Eklund et al., 2012, 2016). In particular,
traditional methods fail to account for spatial autocorrelations,
and thereby render cluster thresholds that do not adequately
control false-positive inferences. We therefore used the spatial
autocorrelation function (acf) option when using the AFNI
programs 3dFWHMX to estimate intrinsic smoothness in the
images and 3dClustSim to estimate the probability of false
positive clusters (Cox et al., 2016). This option allows for
non-Gaussian models and spatial autocorrelation functions,
and calculates moments of differences to a larger radius.
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Group-level analyses were thresholded at the voxel-level at
P < 0.001 and cluster size of 210, which provides P < 0.05
(corrected).

The resulting statistical maps were warped to the PALS-B12
atlas in Caret for visualization purposes (Caret, http://brainvis.
wustl.edu/wiki/index.php/Caret:About) (van Essen, 2005).

Resting state functional connectivity

Considering previous studies (Liu et al., 2012) and the group-
level results of the current study (see below), two thalamic
regions of interest were defined for further functional connect-
ivity analysis. The BOLD signal time course was extracted
from each region of interest (5-mm sphere) for each subject by
means of marsbar software (http:/marsbar.sourceforge.net/).
The first region of interest consisted of the bilateral posterior
clusters showing negative correlation with the posterior alpha
(i.e. the pulvinar); the second region of interest was the bilateral
medial dorsal region showing significant positive correlation
with the posterior alpha modulation (i.e. medial dorsal nuclei).
Both regions of interest served separately as the seed from which
the functional connectivity to the rest of the brain was evaluated
for all the subjects considered together and for each group in-
dependently. The nuisance variables consisting of 24 realign-
ment parameters and three compartment signals (modelling
the average signal in the grey matter, white matter, CSF) were
included in the model. Then, functional connectivity maps of
controls and epilepsy subpopulations were evaluated and
compared.

Results

Estimation of the alpha power

All the subjects demonstrated a component with a medial
posterior topography and a single peak in the alpha fre-
quency range, each within 8-12Hz, the typical range for
this age group as reported in the literature (Nunez et al.,
2001) (Fig. 1A). The individual alpha frequency and its
respective power were averaged across each subpopulation
and compared (ANOVA). Across all the investigated sub-
jects, the individual peak alpha frequency showed a normal
distribution within the alpha band, both outside and inside
the scanner (Fig. 1B). No group differences were evident
when comparing the mean alpha frequency between the
different populations (Fig. 1C). On the contrary, the
mean alpha power was higher in the GGE PS + population
compared to controls and other epilepsies (P < 0.01 for all
comparisons) (Fig. 1D). The EEG inside and outside the
scanner appeared similar on visual inspection in all the
subjects. Nevertheless, the alpha power recorded during
functional MRI was reduced in all the investigated popula-
tions, with an average power reduction of 30%. The mean
power reduction was slightly different across the four inves-
tigated cohorts, but there was no significant effect of group
on power reduction. This finding is consistent with previ-
ous published data (Laufs er al., 2003) and is probably
linked to intra-scanner EEG post-processing, especially the
gradient artefact suppression algorithm. No difference for
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Figure | Alpha power estimation and analysis. (A) Individual alpha band identification and calculation in a representative example. After
visual identification of the «IC (top), the posterior alpha component is selected based on the power spectrum (bottom left) and average topography
(bottom right). (B-D) Histograms of alpha parameters recorded outside (grey) and inside the scanner (black). (B) Histograms show the Gaussian
distribution of individual peak alpha frequency within alpha band. (C) Histograms illustrate the mean individual alpha frequency in the different
subgroups of patients and in controls. (D) Histograms display the mean alpha power in the different subgroups of patients and in controls. The GGE
PS+ shown significantly higher alpha power compared to others both during scanning and outside. The mean alpha power was significantly lower
inside then outside the scanner in all the studied population. The bars represent the standard error. “*P < 0.01. CRT = control; FE = focal epilepsy.

the mean alpha frequency peak was observed comparing
the EEG inside, versus outside, the scanner.

Alpha-BOLD correlations: whole
population and subgroups results

Second-level whole-population analysis (7 = 60), as well as
subpopulation group findings, did not demonstrate any dif-
ference between the applied statistical methods (parametric
versus non-parametric). In particular, we did not find clus-
ter mismatches between the two approaches.

When considering all the subjects together the alpha
power time series correlated positively with brain activity
in the bilateral dorsal cingulate cortex and medial thalamic
nuclei and negatively with activity in broad areas of cere-
bral cortex, including the superior and inferior parietal
lobule, the occipital cortex (middle occipital gyrus and lin-
gual gyrus), the precuneus, the premotor and motor regions

(supplementary motor area, frontal operculum, precentral
cortex), and the middle and superior temporal gyrus. At the
subcortical level, the bilateral posterior thalamus, the basal
ganglia and brainstem were negatively correlated with the
posterior alpha power (Fig. 2A). These findings are con-
cordant with those of previous reports (Goldman ef al.,
2002; Moosmann et al., 2003; Gongalves et al., 2006;
Difrancesco et al., 2008; Tyvaert et al., 2008; Liu et al.,
2012; Omata et al., 2013). Supplementary Table 1 shows
the details of the positively and negatively correlated
areas. In addition, we used the digital version of the
Morel Atlas of the human thalamus (Morel et al.,
1997), based on the MNI template (Krauth et al.,
2010), to further relate EEG-fMRI findings to specific
thalamic nuclei (Fig. 2B). The subcortical thalamic nega-
tive correlate of the alpha rhythm was clearly localized at
the pulvinar level, and did not involve the lateral genicu-
late nucleus.
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Figure 2 Whole-population BOLD findings. (A) Alpha-BOLD correlation map related to all the subjects considered together (P < 0.05
corrected for FWE). The functional maps have been warped to the PALS-BI2 atlas in caret (dorsal view) for right (R) and left (L) hemisphere (left)
and overlaid onto representative canonical slices, axial, coronal and sagittal view (right) for visualization purposes. The yellow colour identifies the
positive correlations to alpha power, the light-blue colour the negative correlations. See text for details. (B and C) Relationship between BOLD
thalamic changes and thalamic nuclei as provided by digital version of the Morel’s atlas of human thalamus (Morel et al., 1997; Krauth et al., 2010).
Thalamic positive (B) (P < 0.05 corrected for FDR) and negative (C) (P < 0.05 corrected for FWE) BOLD correlations are overlaid onto the MNI
template (I mm) (axial slices) as provided by FSL (FMRIB Software Library) after linear transformation using FMRIB Linear Image Registration Tool
(FLIRT). For each panel, the localization of the BOLD change is compared with the thalamic atlas. The thalamic atlas is displayed onto the canonical
T)-1 mm image as implemented in FSL (FMRIB Software Library). Canonical T, slices are enlarged for visualization purposes. The thalamic nuclei
have been indicated by different colours for visualization purposes and grouped according to Morel (1997). LGn, green colour: lateral group of
thalamic nuclei that includes the ventroposterior complex, ventral lateral posterior/anterior, and ventral anterior and ventral medial nuclei. AGn,
red colour: anterior group of thalamic nuclei that includes anteroventral, anteromedial, anterodorsal, and lateral dorsal nuclei. PGn, blue colour:
the posterior group of thalamic nuclei that includes medial and lateral geniculate nuclei, posterior, suprageniculate/limitans, lateral pulvinar nucleus
(PuL), medial pulvinar nucleus (PuM) and anterior pulvinar nucleus (PuA). Pink colour shows the mesial group of thalamic nuclei:

MDmc = mediodorsal nucleus, magnocellular division; MDpc = mediodorsal nucleus, parvocellular division; CL = Central lateral nucleus. Scale
bar = |0 mm. R = right; L = left.

The brain regions that correlated with alpha power in

each subpopulation are illustrated in Fig. 3 and summar-
ized in Supplementary Table 2.

The GGE PS + group showed positive BOLD correlation
at the bilateral dorsal cingulate cortex and caudate nucleus.
A negative correlation between the alpha predictor and the
BOLD signal was found predominantly in the parietal and
frontal (motor-premotor) cortical areas. Conversely, the
posterior occipital regions [Brodmann area (BA) 18-19]
demonstrated a decreased alpha power-related BOLD
signal in the other epileptic populations (GGE PS— and
focal epilepsy) and in the healthy controls. Parietal, temporal
and frontal (motor-premotor) cortical areas were negatively
correlated to the alpha in controls, focal epilepsy, and GGE
PS— groups with substantial uniformity between them.

Between groups’ comparisons

The comparisons of alpha-power BOLD maps between the
patient groups and between patients and controls revealed
significant differences only for the GGE PS+ population.
Specifically, with respect to all other comparisons, GGE
PS+ showed a relatively increased BOLD signal in a
broad and symmetrical network that includes the pre-
and post-central gyrus, the supplementary motor area, the
insula, the precuneus and the temporal (BA 20-22) and
occipital cortices (BA 18-19) (Fig. 4A). This result is the
consequence of a decreased anti-correlation between BOLD
signal and alpha power in patients with photosensitivity.
No other significant differences were observed either in
terms of increased or reduced BOLD correlation to the
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GGE PS+

GGE PS-

FE

Figure 3 Alpha-BOLD correlation maps related to each single population of subjects (P < 0.05, FDR corrected). The functional
maps have been warped to the PALS-BI2 atlas in caret (mesial and dorsal view) for right (R) and left (L) hemisphere. The yellow-red colour
indentifies the positive correlations to alpha power, the light-blue colour the negative correlations. FE = focal epilepsy.

alpha power. Supplementary Table 3 illustrates in detail the
results of the between-groups comparisons.

A few differences in terms of total number of clusters iden-
tified and relative Z-score were observed applying the non-
parametric statistic. However, although a few clusters dis-
appeared, the main BOLD changes survived (Fig. 4B).
In particular, the comparison between GGE PS+ and the
other cohorts confirmed, in the former, an increased excitabil-
ity under spontaneous alpha oscillations over the premotor-
motor and parieto-occipital cortices (Table 2 and Fig. 4B).
Thus, the non-parametric statistical analysis confirms the prin-
cipal findings of the traditional parametric SPM approach.

Functional connectivity maps

At the population level (7 =60), the maps for functional
connectivity with the seeds in the medial dorsal nuclei
and pulvinar are depicted in Supplementary Fig. 2.

Statistical comparison of the medial dorsal nuclei-related
functional connectivity maps between controls and epilepsy
subpopulations revealed an increased correlation between
resting state BOLD activity in the medial dorsal nuclei
and bilateral orbitofrontal cortex (OFC) in GGE PS + com-
pared to both healthy controls and focal epilepsy patients
(Fig. 5). No further differences in functional connectivity
maps were detected.

The formal comparison of the pulvinar-related functional
connectivity maps between the epilepsy populations, and
between patients and controls, revealed again significant
differences only for the GGE PS+ subgroup. GGE PS+
demonstrated consistent increased correlation from the pul-
vinar to the basal ganglia (putamen and caudate), the an-
terior cingulate cortex, the dorsolateral prefrontal and the
parietal cortices with respect to all the other subgroups
(GGE PS—, focal epilepsy and controls). Significantly
decreased connectivity between the pulvinar and the
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GGE PS5+ > Controls

Figure 4 Comparisons of alpha-power BOLD maps between the GGE PS+ group and other patients’ cohorts, and between
GGE PS+ and control subjects. (A) Results of parametric analysis (P < 0.05, FDR corrected). (B) Results of non-parametric permutation
method (AFNI’s 3dClustSim function). Only regions survived to statistical threshold of « < 0.05 (voxel-wise P < 0.001 and cluster size > 210
voxels) are showed. The functional maps are shown on the normalized SPM-glass brain (coronal slices) and warped to the PALS-BI2 atlas in caret
(mesial and dorsal view) for right (R) and left (L) hemisphere. The red arrow on the SPM-glass brain indicates the global maximum. The white lines
on the PALS-BI2 atlas show the surface landmarks as implemented in Caret: the central sulcus, the medial wall dorsal segment, and the medial
wall ventral segment, the sylvian fissure and calcarine sulcus. FE = focal epilepsy.

somatosensory and visual cortices was observed in the
GGE PS + versus healthy subjects (Fig. 6).

Discussion

This is the first EEG-fMRI investigation of the resting state
alpha rhythm in patients with non-lesional focal and GGE,
with and without photosensitivity. As predicted, our find-
ings indicate that the cortical-subcortical network generat-
ing the alpha oscillation at rest is different in people with
epilepsy and visual sensitivity. This difference is independ-
ent from the occurrence of overt epileptic activity on scalp
EEG and is characterized by: (i) an abnormal haemo-
dynamic coupling between the EEG alpha power fluctu-
ation and the BOLD signal; and (ii) an altered functional
connectivity between the pulvinar, which is strongly impli-
cated in generation of the alpha rhythm, and the rest of the
brain. Our main finding indicates a reduced alpha-related

inhibition in photosensitive epilepsy (i.e. lower BOLD de-
activation when alpha power increases) that involves not
only the occipital cortex but also extends to the supplemen-
tary motor area, the sensorimotor and the premotor cortex.
Coherently, the same brain regions demonstrated abnormal
connectivity with the visual thalamus only in photosensitive

epilepsy.

The alpha rhythm in photosensitive
epilepsy
The EEG analysis of the alpha rhythm features showed a
significant higher alpha power in GGE PS+ versus other
epilepsy groups and controls, confirming a peculiar ‘alpha
phenotype’ of this epileptic trait, at least for the investi-
gated group of photosensitive patients.

Changes of alpha rhythm features have been associated
with epilepsy in several neurophysiological studies (Stoller,
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Table 2 Alpha-related BOLD maps comparisons obtained using non-parametric permutation method (AFNI’s

3dClustSim function)

Brain region BA MNI coordinates (mm) Z-score
x y z
GGE PS+ > CRT
L insula 13 —38 -8 14 3.60
B cerebellum - 48 —58 —20 3.20
L precentral gyrus 4 —64 —6 22 3.08
B middle temporal gyrus 21 —50 0 —28 3.05
B postcentral gyrus 2 —40 -22 32 3.0l
L medial frontal gyrus 6 —10 —20 52 297
R lingual gyrus 18 24 —76 -8 2.89
GGE PS+ > GGE PS—
L precentral gyrus 4 —46 —14 30 BIS5
R medial frontal gyrus 6 2 —4 50 35
GGE PS+ > FE
B ventral anterior cingulate 24 8 —2 32 4.08
L precentral gyrus 6 —36 —16 32 3.80
L insula 13 —52 -30 22 3.78
B superior occipital gyrus 19 34 —82 28 3.76
L precuneus 7 —16 —56 42 3.54
Middle temporal gyrus 39 —42 —62 22 345
B superior temporal gyrus 39 —56 —42 28 3.35

For each subject, the areas showing BOLD signal changes are listed by Z-score value. All reported clusters of activity were corrected for multiple comparisons via Monte Carlo
simulations using AFNI’s 3dClustSim function (http://afni.nimh.nih.gov/pub/dist/doc/program_help/3dClustSim.html) by ensuring that the size of a given cluster of activation was
sufficiently large to rule out discovery by chance (corrected o < 0.05 for an uncorrected P-value of 0.001 and a 210 voxel cluster size). B = bilateral; R = right; L = left.

Figure 5 BOLD changes (derived from statistical compari-
son P < 0.05 corrected for FDR) between functional con-
nectivity with seed region at the thalamic medial dorsal
nuclei in GGE PS + versus controls. The resulted map has been
warped to the PALS-BI2 atlas in caret (dorsal and ventral view) for
right (R) and left (L) hemisphere. For localization purposes, functional
results on the right hemisphere were plotted and compared against
six Brodmann areas indicated by the white numbers. The displayed
Brodmann areas cover part of the precentral regions and the orbi-
tofrontal cortex subdivisions (Henssen et al., 2016). Only increases of
functional connectivity in GGE PS+ population were detected.

1949; Larsson et al., 2005, 2012; Clemens et al., 2007,
2008; Pyrzowski et al., 2015). The majority of these studies
reported a peak alpha frequency reduction in a heteroge-
neous population of mixed epilepsy phenotypes, rather
than changes in alpha power (Miyauchi et al, 1991;

Larsson et al., 2005; Clemens et al., 2007; Visani et al.,
2010). However, few studies have investigated alpha
rhythm features in selected patients with photosensitive epi-
lepsy and compared them with other epilepsy syndromes
without photosensitivity (Visani et al., 2010). It should
also be underlined that our EEG analysis is based on an
ICA of the EEG signal and that the ‘alpha regressor’ and all
alpha calculations were based on the selection of the ‘pos-
terior alpha component’ on ICA EEG decomposition. This
means that the reported alpha features index the oscillatory
activity of EEG signal generated from the posterior occipi-
tal (calcarine/pericalcarine) cortex. To our knowledge no
other study has used this approach to investigate alpha
rhythm fluctuation in epilepsy. Considering that this meth-
odology is quite simple and reproducible, and that it could
be applied also to routine EEG recordings, it should be
relatively straightforward for future studies to test our find-
ings in a larger cohort of photosensitive patients. This also
implies that at present it is difficult to directly compare our
results with previous studies.

Remarkably, the majority of the patients investigated
here were on antiepileptic drug (AED) treatment at the
time of the study. In previous studies, changes in the
power spectra of intrinsic brain rhythms have been attrib-
uted to AED, especially to valproate (Larsson et al., 2005,
2012; Clemens et al., 2007). However, in the current re-
search, an AED effect on alpha power estimation appears
unlikely, as valproate and levetiracetam, the AEDs most

commonly used in our patients with GGE, were


http://afni.nimh.nih.gov/pub/dist/doc/program_help/3dClustSim.html

12 | BRAIN 20I7: Page 12 of I7

A. E. Vaudano et al.

=]
4 0/1 45

I GGE Ps- e

|
IR RI

B crT

B overlap

Figure 6 BOLD changes derived from statistical comparison (P < 0.05 corrected for FDR) between functional connectivity
with seed regions at thalamic pulvinar in GGE PS + versus control and other epileptic populations. (A) Differences in functional
connectivity between GGE PS + and controls. The resulted map has been warped to the PALS-BI2 atlas, dorsal view for right (R) and left (L)
hemisphere (left) and to flat template for the right hemisphere (right). For localization purposes, functional results on the right hemisphere (RH)
were plotted and compared against Brodmann areas indicated by the white numbers. Increases in functional connectivity are shown in yellow-red,
decreases in blue. (B) Decreases in functional connectivity in GGE PS+ versus all other population of subjects (P < 0.05, uncorrected). Each
subjects’ subgroup in indicated by a specific colour. The regions coloured in pink represent the overlapping clusters from all the comparisons.

CRT = control; FE = focal epilepsy; R = right.

homogenously distributed across PS+ and PS— patients. In
particular, the average oral dose of valproate across the
different patient groups was similar.

Reduced inhibition in the sensory-motor system in
photosensitivity

BOLD correlates of the posterior alpha activity under
rest indicated a reduced anti-correlation between the sen-
sory-motor system and the alpha power in patients with
photosensitivity (Fig. 4). Classically, BOLD-functional
MRI studies reported predominantly negative haemo-
dynamic responses to the alpha oscillations in the occipital
lobe (primary and secondary visual cortex) and fronto-par-
ietal cortex (Laufs et al., 2003; Gongalves et al., 2006;
Difrancesco et al., 2008). Overall, negative correlation be-
tween the alpha power and the BOLD signal coincides with
a decrease of cortical neuronal activity, i.e. a state of inhib-
ition. Indeed, during large-scale synchrony (as in the alpha
rhythm), activity in just a small fraction of neurons within
a cortical column may be sufficient to give rise to a strong

EEG signal, while the inactive majority keeps overall me-
tabolism low and thus the BOLD effect small (Laufs et al.,
2003). In this light, the higher haemodynamic signal in the
sensory-motor system in GGE PS+ during spontaneous
alpha, reflects increased neuronal activity and consequently,
we suggest, a lack of inhibition of these regions. This view
supports previous observations in photosensitivity by
means of neurophysiological and neuroimaging studies, as
well as the clinical correlates of photoparoxysmal response
that often consist of motor phenomena (i.e. myoclonus,
reflecting hyperexcitability). Studies using transcranial mag-
netic stimulation documented increased visuo-motor hyper-
excitability during photic stimulation in GGE patients
(Groppa et al., 2008; Strigaro et al., 2012, 2015) and
even in healthy individuals with photoparoxysmal response
(Siniatchkin et al., 2007). Advanced EEG connectivity ana-
lyses show an abnormal pattern, with increased coupling
between posterior and anterior frontal areas both at rest
and during photoparoxysmal response in patients with
GGE PS+ (Varotto et al., 2012; Moeller et al., 2013).
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Finally, functional EEG-fMRI studies have detected
increased neuronal activity of parietal and premotor cor-
tices during paroxysmal activity evoked by visual stimuli
(Moeller et al., 2009; Bartolini et al., 2014).

The brain nodes that demonstrated abnormal behaviour
in GGE PS+ wunder spontaneous alpha oscillations
included, beyond the sensory-motor cortex in strictu
sensu, the premotor regions (supplementary motor area,
middle and inferior frontal gyrus) and also non-motor
areas in the temporal, parietal and occipital lobes.
Notably, the same premotor areas were involved in the
abnormal response to eye-closure in patients with EMA
(Vaudano e al., 2014), even in the absence of paroxysmal
activity on EEG. Overall, our findings confirm and com-
plete the hypothesis of an intrinsic ‘visuo-motor hyperexcit-
ability’ in GGE PS+. The fact that this upregulation is
present under resting (unstimulated) conditions and even
during the alpha rhythm, which is considered a hallmark
of the brain resting state (Gongalves et al., 2006), indicates
a probable genetic predisposition to generate synchronous
paroxysmal activity.

Thalamic contribution to alpha rhythm generation

The correlation between the posterior alpha modulation
and the BOLD signal in the thalamus has been reported
to be positive (Goldman et al., 2002; Moosmann et al.,
2003; Feige et al., 2005; Gongalves et al., 2006; de
Munck et al., 2007; Omata et al., 2013), negative
(Lindgren et al., 1999; Moosmann et al., 2003), or even
near zero (Laufs er al., 2003). Recently, Liu and colleagues
(2012) described both positive and negative correlations
between the thalamic nuclei and spontaneous modulation
of posterior alpha. Our study is the first that replicates, and
thus confirms, the findings that different thalamic nuclei
have a different behaviour during alpha rhythm fluctu-
ations. In particular, the negative correlation covers the
posterior visual thalamus while positive haemodynamic
changes were constrained to the medial dorsal nuclei of
the thalamus. The exact contribution of thalamic activity
to the cortical oscillations that determine the EEG alpha
rhythm is still under investigation. A plausible scheme in-
cludes a complex interplay between the primary visual
cortex and the visual part (pulvinar and lateral geniculate
nucleus) and reticular nuclei of the thalamus (Lopes da
Silva et al., 1973, 1980; Fuentealba and Steriande, 20035;
Lorincz et al., 2009). Within the posterior thalamic nuclei,
the pulvinar, rather than lateral geniculate nucleus, is more
likely associated with the spontaneous modulation of pos-
terior alpha rhythm. Animals showing alpha equivalent ac-
tivity, such as dogs and cats, all have a pulvinar in their
visual system, whereas the pulvinar does not seems to exist
in brains, such as those of rodents, whose visual system
also shows little alpha activity (Hughes and Crunelli,
20035; Pessoa and Adolphs, 2010). In addition the extensive
connections of the pulvinar with the entire cortex
(Supplementary Fig. 2) (Kaas and Lyon, 2007), make this
thalamic nucleus well-suited to behave as the subcortical
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control hub for widespread cortical alpha activity.
Consistently, we also found that the thalamic correlates
of alpha power fluctuations involved of the posterior thal-
amus with preference for the pulvinar over the lateral gen-
iculate nucleus. Furthermore, the cortical regions that were
functionally connected to the seed in the pulvinar largely
coincided with the cortical regions that were negatively
correlated with the posterior alpha rhythm (Fig. 2). As
far as the medial dorsal nuclei are concerned, the increased
neuronal activity during increased alpha power probably is
not directly linked to alpha wave generation, but rather
reflects activity related to the arousal level, which is indir-
ectly linked to cortical alpha rhythm fluctuations (Liu et al.,
2012; Omata et al., 2013). Indeed, these thalamic nuclei
are considered to be part of the ascending reticular activat-
ing system, and in particular its dorsal pathways (Moruzzi
and Magoun, 1949; Brown et al., 2012).

Thalamo-cortical functional connectivity in
photosensitive epilepsy

The whole-brain functional connectivity of the posterior
and medial thalamic nuclei was different in photosensitive
patients with respect to controls and other epilepsy groups.
Notably, it has been recently demonstrated in healthy sub-
jects (Scheeringa et al., 2012) that the increased local alpha
synchronization originating from the primary visual cortex
is associated with decreased functional MRI resting state
connectivity within the visual system. The fact that alpha-
band neuronal synchronization is inversely related to
connectivity between the primary visual cortex and closely
connected regions in both the dorsal and ventral visual
stream regions suggests that local alpha-band synchroniza-
tion in healthy subjects serves to reduce the communication
between closely connected regions.

Conversely, GGE PS + patients had increased resting con-
nectivity of the medial dorsal thalamus-orbitofrontal cortex
circuit (Fig. 5). The orbitofrontal cortex (OFC) is a func-
tionally complex structure, which is implicated in high-level
cognition processes, and mediates aspects of emotion and
behaviour. Other functions have also been linked to OFC
activity, including executive control, decision-making, and
top-down modulation of bottom-up processes (for review
see Damasio, 19935; Elliott er al., 2000). This brain region,
and particular the lateral OFC portion (BA11, BA47), has
strong connections with the amygdala and insula, struc-
tures that are involved in emotional experience and expres-
sion (Augustine, 1996; Fink et al., 1996). The fact that this
thalamic-prefrontal network is hyper-coupled during rest in
patients with photosensitivity might reflect a disruption of
cognitive and emotional processes linked to these physio-
logical functions. Notably, juvenile myoclonic epilepsy, in
which photosensitivity is commonly observed, has been
correlated with psychiatric, behavioural and cognitive def-
icits, including those of decision-making and executive con-
trol (Wolf et al., 2015). This conclusion remains speculative
and further data linking the functional connectivity pattern
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and neuropsychological and psychiatric profile in GGE
PS+ need to be obtained.

When the seed was placed in the pulvinar, GGE PS+
patients demonstrated again a different pattern of cortical
resting state connectivity compared to the other popula-
tions. Increased connectivity was constrained to the pre-
frontal cortex (anterior cingulate, dorsolateral prefrontal
cortex) and basal ganglia. This visual thalamus-basal gang-
lia hyper-connectivity could be a promoter of motor cortex
hyper-excitability representing a biomarker of increased
visuo-motor outflow, which could facilitate myoclonus trig-
gered by visual stimuli. On the contrary, the visual thal-
amus showed a reduced functional connectivity with the
sensory and visual cortex.

The disrupted connectivity between the pulvinar and the
visuo-parietal/motor-premotor system further supports the
view that photosensitivity in epilepsy is due to abnormal
activity of the occipito-frontal circuits, that persists even
during rest and independently of visual stimulation and/or
pathological paroxysmal activity. Notably, we recently
demonstrated by voxel-based morphometry in patients
with EMA that the pulvinar also has an abnormal grey
matter concentration in these patients, suggesting that
microstructural alterations can act over the same pulvi-
nar-fronto-occipital circuit (Vaudano et al., 2014).

Study limitation

We did not explore the haemodynamic correlates of other
endogenous EEG frequency bands (i.e. delta, gamma or
theta). These additional analyses would be interesting, es-
pecially in relation to gamma band activity for the well-
known influence of this frequency band in photosensitivity.
However, because the data presented here are the first to
explore the relationships between spontaneous brain rhyth-
micity and epilepsy in terms of generating networks, we
decide to focus to the alpha rhythm, as a first step.

A possible concern might be related to the decision of
applying the ICA metholodogy to extract the alpha
power and obtain the functional MRI regressor. The full-
ICA procedure, which decomposes the EEG recording into
independent components and the subsequent IC inspection
and selection, may sound complex and somehow redun-
dant, as the main target—occipital alpha rhythm—is the
most prominent activity on electroencephalographic
traces. Previous EEG-fMRI studies on alpha rhythm have
used different methods to extract alpha regressors: single or
multi-channel averaging, monopolar, bipolar derivations,
and ICA (Laufs et al, 2003; Moosmann et al., 2003;
Feige et al., 2005; Ritter et al., 2009; Scheeringa et al.,
2011, 2012; Mayhew et al., 2013). The overall picture is
consistent among the different studies showing an inverse
alpha-BOLD relationship involving the posterior cortex as
well as parietal and frontal regions. In the present study,
the choice of ICA ensures that the EEG-based regressors
describe a brain activity as far as possible related to the

A. E. Vaudano et al.

occipital generators of the alpha rhythm, making them free
from volume-conduction and without a priori choices that
could have weakened or blurred their time course.
However, limited to the healthy subjects data, the alpha
regressor was also obtained by averaging the signal from
parieto-occipital electrodes (P4, O2, P3, O1) without the
ICA preprocessing strategy. The alpha-related BOLD
signal changes resulted in a similar haemodynamic map
to the one detected by means of ICA strategy but with
few significant clusters at the threshold of P < 0.05 (FDR
corrected) (data not shown). Consequently, we applied for
all the other analyses the above mentioned ICA strategy to
estimate the alpha power fluctuation over time.

Finally, a cautionary note concerns the generalization of
the observed alpha rhythm findings. It should be noted that
about 70% of the GGE PS+ group comprised subjects af-
fected by Jeavons syndrome (EMA). This means that our
EEG (and BOLD) findings could be strongly driven by this
subpopulation of photosensitive patients. This is relevant
also considering recent genetic findings of a high incidence
of CHD2 mutations in EMA (Galizia et al., 2015). The
influence of sub-syndrome effects (i.e. juvenile myoclonic
epilepsy versus EMA), as well as the effects of specific gen-
etic defects, will need to be tested in future studies. Finally,
although we clearly demonstrated that there is a correlation
between alpha rhythm and the BOLD signal (and that this
relationship is different in different epilepsy populations),
our results do not imply direct causality in either direction.

Conclusion

Our findings provide for the first time, the existence of a
functional link between the circuits demonstrated to trigger
the photoparoxysmal response and the ones implicated in
the generation of the posterior alpha rhythm. As a general
conclusion, we suggest that the ‘enduring propensity’ to
generate seizures and/or epileptic activity in patients with
photosensitivity is due to the intrinsic susceptibility of a
complex thalamo-cortical system, which is indexed by the
resting EEG alpha oscillations. One important point of
strength of the present work is the use of a multimodal
approach to investigate the characteristics of alpha power
and the intrinsic networks generating it, resulting in a con-
cordant picture. Our results represent an additional import-
ant piece of evidence regarding photosensitivity and
contribute to expand the ‘system epilepsy’ concept
(Avanzini et al., 2012) for this epileptic trait.
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